Biventricular assist device (BiVAD) support is considered a risk factor for worse outcomes compared with left ventricular assist device (LVAD) alone for children with end-stage heart failure. It remains unclear whether this is because of the morbidity associated with a second device or the underlying disease severity. We aimed to show that early BiVAD support can result in good survival by analyzing our prospectively collected database for all pediatric patients who underwent 
The ventricular assist device (VAD) has provided a significant increase in survival to heart transplant (HT) over extracorporeal membrane oxygenation (ECMO) for children with end-stage heart failure. [1] [2] [3] [4] [5] [6] As the improved survival has become recognized, the utilization of pediatric VADs has dramatically increased, although not without significant morbidity. 2, 3 With increased VAD utilization, multiple risk factors for morbidity and mortality have been elucidated, including lower body surface area (BSA), younger patients, congenital heart disease (CHD), the presence of renal or hepatic dysfunction, and the use of biventricular assist device (BiVAD) support. [2] [3] [4] 6, 7 Although some of these risk factors are clear, some are complicated by confounding factors. To make optimal decisions regarding morbidity for the child, expectations for the parent, and overall resource utilization, an accurate assessment of risk factors is essential.
Previously, many studies have shown a correlation between BiVAD implantation and a decreased survival. 2, 6, 8, 9 A recent study by Zafar et al. 10 further illustrates an association of poor outcomes with BiVAD support in some patients. What remains unclear is how much of the reduced survival associated with BiVAD support should be attributed to the morbidity incurred with a second device and how much is because of the severity of the patient's heart failure necessitating BiVAD support. 7 In addition, morbidity may also be attributable to delays in right ventricular assist device (RVAD) implantation, as has been demonstrated in adults. 11 As such, it has been our institutional bias for early RVAD implantation for BiVAD support. 12 Herein, we describe our single-institution experience with BiVAD support using an extracorporeal pulsatile device.
Methods

Patients and Devices
Data for all pediatric patients, aged 0-18 years, admitted to St. Louis Children's Hospital from April 2005 to June 2014 who underwent VAD implantation with a durable device were analyzed. Data were maintained in a prospectively collected database and subsequently confirmed by chart review. This study protocol was approved by the Washington University in St. Louis School of Medicine Internal Review Board with patient consent waived.
Statistical analysis was performed on all patients who underwent BiVAD support. Patients with single-ventricle anatomy were excluded. Patients who underwent support with a nondurable VAD were also excluded. All BiVADs implanted were the Berlin Heart EXCOR (Berlin Heart GmbH, Berlin, Germany), a pneumatically driven pulsatile device. Left ventricular assist device (LVAD)-only patients received one of the following: Berlin Heart EXCOR, HVAD (HeartWare, Inc., Framingham, MA), or HeartMate II (Thoratec Corp., Pleasanton, CA).
Preimplantation end-organ dysfunction was evaluated based on the kidney and hepatic function, as has been described previously.
2,10 Renal impairment was determined by calculating the glomerular filtration rate (GFR) as determined by Schwartz et al. 13 This was compared with their age and sex-adjusted predicted GFR by the national Kidney Foundation.
14 Moderate impairment included all patients with a GFR from 30% to 99% of predicted, with severe impairment categorized as GFR < 30% of predicted. Hepatic impairment was based on the total serum bilirubin concentration and considered moderately increased from 0.7 to 1.1 mg/dl and severely increased if ≥1.2 mg/dl.
Criteria for BiVAD Implantation
From April 2005 to December 2009, BiVAD support was used exclusively. Since January 2010, a selective approach has been adopted, with a low threshold for RVAD implantation. Because no established criteria for RVAD implantation exist in pediatric patients, this was based on the clinical judgment and extrapolation from adult data. Preoperatively all patients had an echocardiogram as well as a cardiac catheterization if stable enough to tolerate the procedure. Right ventricular stroke work index was calculated, using a conservative value, ≤400 mmHg ml/m 2 , as a predictor of RV failure. 15, 16 Other preoperative factors used to assess the need for RVAD included patients on ECMO support, clinical symptoms of overt right heart failure (ascites, pleural effusions, renal, or hepatic dysfunction), severe tricuspid regurgitation, pulmonary vascular resistance index > 4 Woods units, or refractory ventricular arrhythmias. Intraoperatively, the need for RVAD was assessed with transesophageal echocardiogram and visual inspection after LVAD implantation, weaning from cardiopulmonary bypass and the initiation of vasopressors and pulmonary dilators. 17 In addition, the assessment of LVAD function was used as a surrogate for RV dysfunction. By using these factors, either BiVAD or LVAD support was instituted based on the judgment of the heart failure team without any criteria considered an absolute indication for RVAD implantation.
Adverse Events
All adverse events (AEs) were recorded, focusing on infections, bleeding, and neurological events. Adverse events ECMO support X X X X Clinical RV failure † X X Gross RV dysfunction ‡ X X X Severe TR X X PVRI > 4 X X X RVSWI < 400 X X Ventricular arrhythmias X X X X Inadequate LVAD filling X *Underwent initial LVAD and then later converted to BiVAD. †Determined by the presence of ascites, pleural effusions, renal failure, or hepatic failure. ‡Echo or gross inspection in the operating room after LVAD placement. LVAD, left ventricular assist device; PVRI, pulmonary vascular resistance index: units, mmHg ml/m 2 ; RV, right ventricular; RVSWI, right ventricular stroke work index: units, woods units; TR, tricuspid regurgitation. ECMO support X X X X Clinical RV failure* X X Gross RV dysfunction † X X Severe TR PVRI > 4 X X X RVSWI < 400 X X Ventricular arrhythmias X Inadequate LVAD filling *Determined by the presence of ascites, pleural effusions, renal failure, or hepatic failure. †Echo or gross inspection in the operating room after LVAD placement. LVAD, left ventricular assist device; PVRI, pulmonary vascular resistance index: units, mmHg ml/m 2 ; RV, right ventricular; RVSWI, right ventricular stroke work index: units, woods units; TR, tricuspid regurgitation.
were documented according to their standard definitions described by the PediMACS criteria. 18 In brief, their definitions were as follows: major bleeding, necessitating a reoperation or significant transfusion; major infection, clinical signs of an infection with a positive culture; neurological complication, new neurological deficit on physical examination or any findings on neurological imaging; renal dysfunction, any dialysis requirement or a serum creatinine >3 times normal; and hepatic dysfunction, an elevation >3 times normal of at least two of total bilirubin, aspartate transaminase and alanine transaminase.
Statistical Analysis
Continuous variables were expressed as medians with interquartile ranges (IQRs). A competing outcomes analysis was performed for all BiVAD patients, carried out at 8 months to capture all patients who underwent transplant, using three mutually exclusive events: HT, alive on support, and death on support.
Results
Study Cohort
During the study period, a total of 50 patients underwent VAD support with a durable device at our institution. Two patients with single-ventricle anatomy received a single VAD and were excluded. Of the remaining 48 patients who underwent VAD implantation, 17 (35%) received an LVAD only, all occurring after January 1, 2010 ( Table 1) . The remaining 31 (65%) patients received BiVAD support, all with a pulsatile device. Of the 31 patients who underwent BiVAD support, 21 were stable enough to undergo cardiac catheterization before VAD implantation, none of which had any catheter-associated AEs. After 2010, when a selective approach was implemented, there were a total of 29 patients who underwent VAD implantation: 12 (41%) BiVAD and 17 (59%) LVAD. The factors for BiVAD consideration are listed in Table 2 for patients who received BiVAD support. Although less frequent, some LVAD-only patients also had factors leading to the consideration of BiVAD support, although they were ultimately deemed likely to succeed with LVAD alone ( Table 3) . The 31 BiVAD patients were included in the statistical analysis.
BiVAD Patient Characteristics
The median age was 3.5 years with a BSA of 0.6 m 2 ( Table 4) . Diagnoses included dilated cardiomyopathy in 17 (55%), myocarditis in 6 (19%), CHD in 3 (10%), and "other" in 5 (16%). The CHD group consisted of two patients with Tetralogy of Fallot and one patient with congenitally corrected transposition of the great arteries. Of the five patients classified as "other," one suffered from allograft vasculopathy, two from noncompaction, one from Kawasaki disease, and one from restrictive cardiomyopathy. Thirteen (42%) patients were International Registry for Mechanically Assisted Circulatory Support (InTERMACS) profile 1 at the time of BiVAD implantation with 9 (29%) supported with ECMO. Moderate kidney dysfunction was present in nine (29%) patients, and severe hepatic impairment was present in eight (26%) patients and moderate in nine (29%) patients.
BiVAD Support
All patients who underwent BiVAD implantation received both VADs during a single operation, with the exception of two patients. One patient underwent LVAD implantation and a tricuspid annuloplasty. They progressed to RV failure with the inability to wean from the ventilator and continued vasopressor requirements. An RVAD was placed 6 days later without cardiopulmonary bypass. The second patient had reasonable RV function at the time of LVAD implantation but developed intractable RV failure with inability of the LVAD to deliver an adequate cardiac output. Right ventricular assist device implantation was performed 24 hours after LVAD implantation. Both patients were successfully bridged at 3 and 4 months, respectively, to HT. Both patients were included in the BiVAD statistical analysis. The 31 BiVAD patients were supported for a total of 1,538 days, a median of 41 days per patient.
Outcomes
Forty-eight biventricular patients underwent VAD implantation during the study period with 41 patients (85%) surviving to transplant or explant. Forty (83%) patients survived to transplant, and one patient (3%) was weaned to explant. Of the 31 BiVAD patients, 27 (87%) patients survived to transplant, and none were weaned to explant ( Table 5) . The competing outcomes analysis is shown in Figure 1 . Time to initial extubation was a median of 3.5 days, and initial intensive care unit (ICU) duration was a median of 11.5 days. For the four patients who died on BiVAD support, the causes of death were central nervous system (CnS) dysfunction in three and one with multisystem organ failure ( Table 6) .
Intention-to-Treat Analysis
Two patients who underwent LVAD implantation at their initial operation later required RVAD implantation and were included in the BiVAD statistical analysis. When using an intent-to-treat analysis based on the time of the initial operation, the BiVAD patient cohort included 29 patients, of which 25 (86%) patients survived to transplant. The LVAD cohort would include 19 patients, with 16 (84%) surviving to transplant ( Table 7) .
Survival by Era
During the initial era, when BiVADs were placed exclusively, 19 BiVADs were implanted with 17 (89%) patients surviving to transplant. During the latter era, when LVAD was considered, 29 VADs were implanted. Twelve of these were BiVADs, of which 10 (83%) survived to transplant. The remaining 17 had LVAD alone implanted and 14 (82%) survived to transplant ( Table 8) .
Adverse Events on BiVAD Support
The most common adverse event (AE) was major infection, 18 occurred in 15 (48%) patients for a rate of 1.17 per 100 days of support ( Table 9) . A total of 12 episodes of CnS dysfunction occurred in 11 (35%) patients, a rate of 0.78 per 100 days of support. All four patients who died experienced a significant cerebrovascular accident (CVA), three of which were direct causes of the patient's death. Of the remaining seven patients who developed CnS dysfunction, four have no residual deficits. Major bleeding events occurred at a rate of 0.52 per 100 days of support, eight events in six (19%) patients. Renal dysfunction occurred in five (16%) and hepatic dysfunction in three (10%) while on device support. The total number of pump changes was 74, or 4.8 per 100 days of support.
Post-HT Survival
For the 27 BiVAD patients who survived to transplant, 26 (96%) remain alive with an overall median follow-up of 55 (IQR, 37-76) months from HT (Table 10) . One patient died 3 years after HT because of allograft rejection, secondary to patient noncompliance.
Comment
Herein, we report a large single-institution experience using early BiVAD support in children with end-stage heart failure with a survival to transplant of 87%. These results compare favorably with the multiinstitutional experience with the same device reported by Almond et al., who described a 75% 1 year survival. In this study, 36% of patients received BiVAD support with a survival of 71%, compared with 78% survival for patients who received LVAD alone. 2 Previous studies have shown that BiVAD support is a significant risk factor for poor outcomes. 2, 6, 8 This study is the first to illustrate a high survival rate for pediatric patients receiving BiVAD support. The reasons for this are likely multifactorial. Our strategy of early RVAD implantation allows for immediate total cardiac support that is especially beneficial in patients with marginal RV function after LVAD implantation. The avoidance of post-LVAD RV failure is critical, because it has been shown to lead to improved survival in adult studies. 11, 19 In addition, our institutional experience may have contributed to our outcomes. It has been shown that institutions that have implanted greater than 10 VADs have an 89% survival, attributed largely to improved patient selection. 2, 20 Another concern with BiVAD support is the perceived increase in risk of AEs associated with a second device. In this study, AEs continue to be significant with this pulsatile device, however, not appreciably worse than previously reported. 1, 2, 6, 10 In this study, the risk of major infection and bleeding were less than published data. 2, 21 Contrary to this, our risk of CnS dysfunction was slightly higher. It is unlikely that a right-sided device resulted in significantly higher CnS complications. Rather, this may be attributed to a more aggressive anticoagulation strategy, as 55% of the CVAs that occurred in our patients were hemorrhagic rather than embolic.
The post-HT survival for pediatric patients successfully bridged with a VAD approaches 90%. 22 A recent study even suggests an early survival advantage for some HT recipients bridged with a VAD compared with those who did not receive mechanical circulatory support. 23 A strategy of early BiVAD support, theoretically, may provide analogous advantages over LVAD in patients with marginal RV function. To that point, our BiVAD patients had a short time to extubation and ICU length of stay. Overall, 72% of the duration of BiVAD support was spent outside of the ICU. This allowed for extensive rehabilitation before HT and likely contributed substantially to our post-HT survival of 96%.
Our management of patients with a VAD has evolved into a selective approach allowing for LVAD only, but maintaining a low threshold for BiVAD support. Unfortunately, predicting RV failure after LVAD implantation can be problematic with limited data available for pediatric patients. 8 Although metrics have been devised in the adult population, this is far from ideal because of the differing patient population and unique pathology. 15, 24 Furthermore, it has been suggested that at least some degree of RV dysfunction occurs nearly universally with some pediatric pathologies. 25 Indeed most pediatric studies have at least a 30% RVAD implantation rate. [2] [3] [4] This high rate of RV failure has influenced our low threshold for RVAD implantation. Using our selective approach, 89% of patients who underwent LVAD implantation alone did not require subsequent RVAD implantation. Our strategy for VAD support has evolved based on our extensive experiences, modes of evaluating RV function, and devices presently available. An algorithm that reflects our current strategy for determining the type of VAD support is illustrated in Figure 2 .
The current generation of continuous-flow devices has shown superior outcomes compared with pulsatile devices in the adult population. 26 In some studies, they have shown a decrease in the incidence of RVAD implantation or RV failure. 27, 28 This is attributed to their ability to more effectively unload the LV leading to decreased pulmonary artery pressures and improved RV function. 18, 29 Their use in pediatric patients has been increasing because of the potential advantages of improved morbidity profile, survival, and the potential for patient discharge. 30, 31 Increased utilization of the current continuous-flow devices, as well as continuous-flow devices under the development for smaller pediatric patients, 32 may lead to less need for RVAD implantation. BiVAD, biventricular assist device; CNS, central nervous system dysfunction. 
Limitations
This represents a single-institution study from an institution with a significant experience with BiVAD implantation and management. Therefore, these results may not be fully generalizable. As well, these data may not compare with data from other institutions easily for many reasons including institutional differences in patient selection and management strategies. This study also has a small sample size that limits overall data interpretation and any subgroup analysis.
Conclusion
Early implantation of pulsatile BiVAD support can be used to bridge pediatric patients with end-stage heart failure to HT with good outcomes and with AE rates comparable with LVAD support alone. Furthermore, patients are able to participate in rehabilitation early after BiVAD implantation and have excellent post-HT survival. Future studies are needed to establish criteria for RVAD implantation to prevent the morbidity associated with RV failure after LVAD implantation. Until this is more completely understood, a strategy of maintaining a low threshold for RVAD implantation for early BiVAD support can allow for good survival.
